Testicular cancer, currently the most common cancer affecting men of reproductive age, is one of the most curable malignancies due to the progress made in the early diagnosis and effective treatment of this disease. The coadministration of bleomycin, etoposide, and cis-platinum (BEP) has brought the 5-yr survival rate of testis cancer patients to over 90%. However, this treatment results in reproductive chemotoxic effects. We assessed the effect of BEP treatment on sperm chromatin integrity and sperm head protein profiles of adult male Brown Norway rats following 9 wk of treatment with BEP and in animals treated for 9 wk and then subjected to a 9-wk recovery period. Both the susceptibility of DNA to denaturation and the number of strand breaks were significantly increased in mature sperm following 9 wk of treatment with BEP; proteomic analysis revealed that the expression of several proteins, including HSP90AA1 and HSP90B1, was markedly affected. Following a 9-wk recovery period, mature sperm did not show significant DNA damage, indicating that repair had potentially occurred. Interestingly, the protamination level of the sperm of these animals was significantly decreased, while histones HIST1H1D (H1.2), HIST1H4B (H4), HIST2H2AA3 (H2A1), and HIST1H2BA (H2B1A) were concomitantly up-regulated; this was not observed in the sperm immediately following 9 wk of treatment. Thus, there are persistent effects on proteins in sperm heads from the cauda epididymidis 9 wk posttreatment, in the absence of DNA strand breaks. We suggest that these effects on the sperm head proteome may contribute to long-lasting adverse effects in the progeny of BEP-exposed males.
INTRODUCTION
The incidence of testicular cancer, the most common cancer among young men of reproductive age, has been increasing steadily over the past 50 yr [1, 2] . Fortunately, the mortality rate has been progressively decreasing over time as a result of early diagnosis and the advancements made in treatment protocols [1, 3] . Specifically, the coadministration of bleomycin, etoposide, and cis-platinum (BEP) has improved the 5-yr survival rate of testis cancer patients to over 90%, for all stages of testicular germ cell tumors [4] [5] [6] . This high cure rate, in conjunction with the young age of patients, allows many testis cancer survivors to father children after treatment. Thus, the potential negative impact of the treatment on reproductive function, fertility, and progeny outcome are of particular concern. We demonstrated previously that, in animal studies, treatment with the BEP chemotherapeutic cocktail results in decreases in reproductive organ weights, sperm count and motility, and defects in the structure of the flagella of spermatozoa [7] . Additionally, in spite of the absence of preor postimplantation loss, early postnatal death was significantly elevated in pups sired by BEP treated males. Drug-mediated modifications of sperm chromatin by chemotherapy may be the cause of adverse progeny outcomes.
Nuclear DNA integrity and the composition of chromatin proteins are important to normal sperm function [8] . The process of spermiogenesis, in which histones are replaced first by transition proteins and then by protamines [9] , resulting in a very condensed sperm DNA structure, is absolutely critical for sperm chromatin packaging. Only a small percentage of the sperm genome remains associated with histones in mature sperm; this is approximately 15% in human spermatozoa [10] and only 1%-2% in rodent spermatozoa [11] . Recent findings have shown that the distribution of residual histones in sperm nuclei is not arbitrary but appears to be organized in a particular fashion such that their association with promoters of key gene regulators is preferentially maintained [12] . Abnormal histone retention or protamine deficiency in sperm is associated with a reduction in fertility and an increased risk of embryonic failure after fertilization [13, 14] . Besides protamines and residual histones, other sperm head proteins may be in close association with sperm chromatin and play a crucial role in normal sperm function.
We hypothesize that damage to sperm chromatin, mediated by BEP treatment, will disrupt the structure and function of sperm head proteins leading to adverse reproductive outcomes. To limit any confounding variables that may be introduced by using spermatozoa collected from human testicular cancer patients that have a diseased testis or have already undergone a cancer treatment such as orchidectomy, we used Brown Norway rats, an inbred, cancer-free animal model. To test our hypothesis we assessed the effects of BEP treatment on the sperm chromatin integrity and sperm head protein profiles of two groups of animals; the first was examined immediately following 9 wk of treatment with BEP, while the second was treated with BEP for 9 wk and then subjected to a 9-wk recovery period. Understanding the long-term effects of BEP exposure may have significant clinical implications for testicular cancer survivors, including the formulation of guidelines necessary to counsel survivors on the potential risk of adverse reproductive outcomes.
MATERIALS AND METHODS

Animals and Treatment
Male Brown Norway rats (4 mo of age, 12 animals per group) were purchased from Harlan (Indianapolis, IN) and housed under controlled light conditions (12L:12D) in the Animal Resources Centre of McGill University. Animals were provided with food and water ad libitum, and all experiments were conducted in accordance with the principles and procedures outlined in A Guide to the Care and Use of Experimental Animals prepared by the Canadian Council on Animal Care (McGill Animal Research Centre protocol 5619). Rats were treated (n ¼ 12 per group) as previously described [7, 15] with a few modifications. Briefly, drug-treated animals received three cycles of 3 wk (9 wk) of the BEP regimen at a therapeutically relevant dose of 0.63, with a 13 dose being equivalent to the human treatment regimen, as adjusted for weight and surface area. Animals were administered by gavage 1.8 mg/kg cis-platimun (Mayne Pharma, Montreal, QC, Canada) and 9.0 mg/kg etoposide (Novapharm, Toronto, ON, Canada) in 1 ml 0.9% saline on Days 1-5 of each week. On Day 2 of each week, rats were given an intraperitoneal injection of 0.9 mg/kg bleomycin (Bristol-Meyers, Montreal, QC, Canada) dissolved in 0.9% saline. All drugs were purchased from the Royal Victoria Hospital pharmacy (Montreal, Canada). The control animals were gavaged on Days 1-5 of each week with 1 ml of 0.9% saline. On Day 2 of each week, control rats were given 1 ml of 0.9% saline via an intraperitoneal injection.
Tissues, Chemicals, and Sperm Collection
Animals were divided into two groups such that one group (n ¼ 12) of animals was euthanized by CO 2 asphyxiation and decapitation at the end of the 9-wk treatment period while the other group was euthanized 9 wk posttreatment, after the completion of one entire cycle of spermatogenesis posttreatment, during which there was no treatment. Testes, ventral prostate, and seminal vesicles were removed, weighed, and frozen in liquid nitrogen. Epididymides were removed, trimmed free of fat, weighed, and sectioned into initial segment, caput, corpus, and cauda regions. The initial segment, caput, and corpus epididymides were frozen in liquid nitrogen, while the cauda epididymides were finely minced in fresh PBS (18 mmol/L KH 2 PO 4 , 100 mmol/L Na 2 HPO 4 -7H 2 O, 137 mmol/L NaCl, 27 mmol/L KCl, pH 7.4). The minced tissue was left for 5 min on ice with agitation to allow the spermatozoa to disperse and then filtered through a 70-lm nylon strainer (BD Biosciences, Mississauga, Canada). Spermatozoa were subsequently washed three to five times with hypotonic buffer (0.45% NaCl) to lyse any contaminating cells and finally washed twice in PBS; sperm numbers were counted using a hemocytometer, aliquoted, and then frozen at À808C until further use (see Supplemental Table S1 ; all supplemental data are available online at www. biolreprod.org). All chemicals were purchased from Sigma Chemical Company (St. Louis, MO), unless otherwise specified.
Comet Assay
Strand breaks in spermatozoa were evaluated using the alkaline comet assay, as previously described [16, 17] and modified by Delbès et al. [18] . Briefly, frozen sperm samples were thawed on ice and resuspended in PBS to a concentration of 1 3 10 5 cells/ml. Fifty microliters of the cell suspension were added to 500 ll of molten agarose (0.5% low-melting-point grade in Mg 2þ -and Ca 2þ -free PBS, pH 7.4, at 428C). Fifty microliters were immediately pipetted and evenly spread onto slides (Trevigen Inc., Gaithersburg, MD) in duplicate, and the gel was allowed to solidify at 48C in the dark for 10 min. All subsequent steps were done under red light or in the dark to prevent any additional DNA damage. Slides were immersed in prechilled (48C) lysis buffer (2.5 M NaCl, 100 mM EDTA, and 10 mM Tris-HCl; final pH 10) containing 10% dimethylsulfoxide, 1% Triton X-100, and 40 mM dithiothreitol for 1 h on ice. Following initial lysis, slides were washed in distilled water for 5 min. Proteinase K, at a concentration of 0.1 mg/ml, was added to fresh prewarmed lysis buffer, and additional lysis was done for 3 h at 378C. Slides were washed in distilled water, placed flat at 48C for 10 min to reset the agarose, and then immersed in freshly prepared alkaline solution (1 mM EDTA and 0.05 M NaOH, pH 12.1) for 45 min in the dark. Slides were washed twice in 13 TrisBorate-EDTA buffer (TBE, pH 7.4) for 5 min, and electrophoresis was carried out at 14 V (0.7 V/cm) for 10 min (Mini-Sub Cell GT; Bio-Rad Laboratories, Inc., Mississauga, Canada). Slides were drained and fixed in ice-cold 70% ethanol for 5 min and left to air dry prior to storage with desiccant at room temperature. DNA was stained with 50 ll of SYBR Green solution (Trevigen) diluted 1:10 000 in Tris-EDTA buffer, pH 7.5, and analyzed using a Zeiss Axiovert 200 fully automated inverted epifluorescence microscope using a 203 objective. Fifty cells per slide were randomly analyzed for a total of 100 cells per animal, and images were scored for comet parameters. Tail length, percent tail DNA, and tail extent moment (tail length 3 fraction of tail DNA) were measured using the KOMET 5.0 image analysis system (Kinetic Imaging Ltd., Liverpool, U.K.).
SCSA/Acridine Orange Assay
The susceptibility of sperm nuclear DNA to acid-induced denaturation was determined by the SCSA/acridine orange (AO) assay, as previously described [19] . Briefly, 200-ll sperm samples (1 3 10 6 cells/ml in PBS) were thawed for 2 min at 378C, sonicated on ice, and mixed with 400 ll of denaturation buffer (0.08N HCl, 0.15 mol NaCl, and 0.1% Triton X-100, pH 1.4) for 30 sec at 48C to denature uncondensed sperm DNA. After 30 sec, 1.2 ml of AO staining solution (0.126 mol Na 2 HPO 4 , 0.037 mol citric acid buffer, 1 mmol EDTA, 0.15 mol NaCl, pH 6.0 containing 6 lg/ml AO) were added. Exactly 3 min after the addition of the denaturation buffer, spermatozoa were analyzed using a FACScan flow cytometer (BD Biosciences, Mississauga, Canada) fitted with an argon ion laser (488-nm line excitation). A positive control was obtained by preincubating the spermatozoa with 20 mmol H 2 O 2 at room temperature for 1 h. Green fluorescence emission of AO was measured at 515-530 nm with a bandpass filter, and red fluorescence of AO was detected through a 630-650-nm long-pass filter. The raw data were processed using WinList Software (Verity Software House, Topsham, ME). The DNA fragmentation index (DFI ¼ mean red fluorescence/total of red and green fluorescence) was analyzed according to the percentage of cells outside the main population (% DFI), and the percentage of cells with a deficiency in nuclear condensation was determined according to high-density staining (HDS), as previously described [20] . A minimum of 10 000 spermatozoa was analyzed for every sample.
Chromomycin A3 Assay
The detection of protamine deficiency in sperm chromatin was done using the flow-cytometry-based method developed by Bianchi et al. [21] and modified by Zubkova et al. [22] . Briefly, frozen sperm samples were thawed on ice, resuspended in PBS to a concentration of 1 3 10 5 cells/ml, and stained in chromomycin A3 (CMA3) staining solution (0.25 mg/ml in McIlvaine buffer [17 ml of 0.1 mol/L citric acid mixed with 83 ml of 0.2 mol/L Na 2 HPO 4 and 10 mmol/L MgCl 2 , pH 7.0]) for 20 min at 258C in the dark. Samples were then washed twice in PBS, sonicated, and stored at 48C in the dark until analysis. A positive control was obtained by preincubating the spermatozoa with 200 mmol dithiothreitol at 378C for 10 min. Flow-cytometry analysis was done using a FACSAria 1 Sorter (BD Bioscience, San Jose, CA) equipped with a 407 violet solid-state laser and a 502 LP Dichroic mirror. The resulting fluorescence was detected with a 530/30 bandpass filter and quantified using BD Bioscience FACSDiva software. A minimum of 10 000 spermatozoa per sample was analyzed.
RNA Extraction and Real-Time Quantitative RT-PCR
Total RNA was extracted from testes of control and BEP-treated rats using the RNeasy Mini Plus kit with on-column DNase digestion (Qiagen, Mississauga, ON, Canada). RNA concentration was determined using the Nanodrop 2000 (Nanodrop Technologies, Wilmington, DE). Using the Roche Lightcycler (Roche Diagnostics, Laval, QC, Canada), quantitative RT-PCR was done with Quantitect One-Step SYBR Green (Qiagen) prepared according to the manufacturer's protocol, and RNA was diluted to a working concentration of 2 ng/ll. PCR thermal cycling parameters were 958C for 15 min (one cycle), 948C for 15 sec, 558C for 30 sec, and 728C for 30 sec (45 cycles). A standard curve for quantification was generated in each run using 0.2, 2, 10, and 20 ng/ll of RNA from a mixed population of spermatogenic germ cells. RT-PCR primers for Prm1 were provided by Qiagen (SABiosciences, PP61693A), and those for Rn18s were designed using Primer3 software (http://frodo.wi.mit.edu) and provided by Alpha DNA (Montreal, QC, Canada) (forward primer 5 0 -CCTCCAATGGATCCTCGTTA-3 0 ; reverse primer 5 0 -AAACGGCTACCACATCCAAG-3 0 ). The expression level of the gene of interest was corrected using the endogenous control, 18S rRNA, and the relative ratio of mRNA expression per sample was determined. The results
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shown are the mean of six separate rats per group with each standard and sample being analyzed in duplicate.
Immunofluorescence
To assess protamine 1 immunoreactivity, spermatozoa from the cauda epididymidis were treated as previously described [23] to remove perinuclear material. Briefly, sperm heads (1 3 10 6 cells/ml) were resuspended in 250 ll of solution containing 1% SDS, 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, and a protease inhibitor cocktail (Sigma, 1:100 dilution) for 10 min at room temperature and then homogenized with an ultrasonicator (Sonics & Materials Inc., Newtown, CT) for 45 sec at amplitude 15. Spermatozoa were then washed three times with 50 mM Tris-HCl, pH 7.5, and resuspended in 250 ll of decondensation buffer (20 mM 1,4-dithiothreitol [DTT], 25 mM Tris-HCl, pH 7.5, and protease inhibitor cocktail) for 40 min at room temperature. For the immunofluorescence analysis, 50-ll samples were placed on slides (two sample areas per slide) and left at room temperature for 20 min to allow sperm to adhere to the slides. Slides were then washed in PBS, fixed in 2% paraformaldehyde for 30 min at room temperature, and further washed in PBS, and nonspecific binding sites were blocked using PBS containing 2% normal goat serum (Vector Laboratories, Burlington, ON, Canada) and 1% BSA for 30 min at room temperature. Slides were incubated overnight at 48C with primary antibody Hup1N monoclonal human protamine 1 (P1) antibody (kindly provided by Dr. Rodney Balhorn, Lawrence Livermore National Laboratory) diluted at 1:100 in BSA/goat serum/PBS; control sections were incubated in blocking serum alone. Slides were washed in PBS and incubated for 1.5 h in the dark at room temperature with secondary antibody solution containing Alexa Fluor 594-conjugated goat anti-mouse IgG antibody (1:200 dilution; Invitrogen) in PBS. Spermatozoa were counterstained with DAPI to stain nuclear DNA, washed, and mounted using Permafluor antifade mounting medium (Thermo Scientific, Nepean, ON, Canada). Staining was visualized on a Zeiss LSM 510 Axiovert confocal microscope using an 63/1.43 oil differential interface contrast objective. For quantitative analysis, at least 100 sperm per sample were analyzed using MetaMorph Imaging System software (Molecular Devices, Sunnyvale, CA).
Sperm Head Protein Extraction
Frozen sperm samples (25 3 10 6 cells/ml) were thawed on ice and homogenized with an ultrasonicator (Sonics & Materials Inc., Newtown, CT) for three bursts of 30 sec separated by 30-sec intervals on ice, in order to separate sperm heads from tails. Samples were then filtered twice through a 20-lm nylon mesh and centrifuged at 13 000 3 g for 10 min at 48C to obtain a pellet that was 98% pure in sperm heads. Sperm heads were lysed, and protein was extracted, as previously described [24, 25] . Briefly, samples were incubated in a mixture containing 6 M guanidine thiocyanate (Sigma), 575 mM DTT (Invitrogen), 7 M urea (ICN Biomedicals, Aurora, OH), and 2 M thiourea (Fisher) for 15 min at room temperature. Chemicals were diluted with the addition of 165 ll of MilliQ water followed by ultrasonication for 5 sec to lyse any remaining cells. Samples were then centrifuged at 13 000 3 g for 10 min at 48C; the supernatant was retained, and ice-cold acetone was added to each sample in a 4:1 ratio and kept at À808C overnight to precipitate sperm head proteins and solubilize contaminants that interfere with the downstream SDS-containing applications. A final centrifugation was done at 13 000 3 g for 10 min at 48C, the supernatant was removed, and the pellet was air dried prior to being resuspended in 13 Laemmli buffer.
One-Dimensional Gel Electrophoresis
Sperm head protein extractions (n ¼ 3 for each control and treated/group) were submitted to the McGill University and Genome Quebec Innovation Centre (Montreal, QC, Canada) to be processed for proteomic analysis. Samples (5 lg) were resolved on a 2.4-cm one-dimensional SDS-PAGE with a 7%-15% acrylamide gradient. Proteins on the gel were stained using Coomassie Blue G. Each lane was subjected to automated band excision, to generate 15 bands per lane. The Protein Picking Workstation Pro-XCISION (Perkin Elmer, Waltham, MA) was set to excise five to seven pieces per band, depending on the width of the lane. Following transfer of the gel pieces to a 96-well tray, proteins were destained, reduced, cysteine-alkylated, and in-gel digested by automation in a MassPrep Workstation (Waters-Micromass, Milford, MA). In-gel tryptic digestion was carried out with Sequencing Grade Modified Trypsin (Promega, Madison, WI) at a final concentration of 6 ng/ll and allowed to incubate at 378C for 4.5 h. Peptides were then extracted by the addition of increasing acetonitrile concentration to a final extract of 0.54% formic acid, 15.9% acetonitrile in 16 mM ammonium bicarbonate.
Liquid Chromatography/Mass Spectrometry/Mass Spectrometry Analysis
Injections of digested extracts and desalting were done using an Isocratic Agilent 1100 series Nanopump (Agilent Technologies, Missisauga, Canada). The reverse-phase peptide separation was done with a Biobasic C18 PicoFrit column (New Objective, Woburn, MA), and peptides were eluted with a gradient of formic acid and acetonitrile. The separation system was coupled to a Waters-Micromass QTOF Micro mass spectrometer set to perform tandem mass spectrometry (MS). The scan range was 350-1600 mass:charge (m/z) ratio, allowing a minimum size of 750 Da for a doubly charged peptide, approximately six amino acids in length, to an upper limit of 4800 Da for a triply charged peptide. Peptides that are too small or too hydrophilic may not be adequately retained by the column. MS/MS raw data were manipulated for the generation of peak lists, which were searched against the UniProt database using the Mascot 2.1 software. The search was limited to Rattus norvegicus taxonomy using carbamidomethyl cysteine as a fixed modification, methionine oxidation as a variable modification, and 0.5 Da of precursor mass and 0.5 Da of fragment mass tolerances. An additional search using X!Tandem was done on the subset database of identified proteins with additional modifications considered for D/E and c-terminal methylation, proprionamide modification of C, deamidation of N/Q, and pyroglutamic acid formation of n-terminal E/Q. Using Scaffold version 3.0 (Proteome Software, Portland, OR), results were analyzed based on the spectra assigned to tryptic peptide sequences at the 95% confidence level, with a minimum of two peptides required to identify a protein and a false discovery rate lower than 0.1%. The spectral counting method was used to quantify the relative amounts of proteins among samples [26] . Data were normalized based on the unweighted spectral counts of each protein, which is the number of times a spectrum was assigned to a peptide belonging to a specific protein, and are thus expressed as quantitative values.
Western Blotting
Total protein was extracted from heads of spermatozoa obtained from the cauda epididymides of control and BEP treated rats, as described above. Protein concentrations were determined using the BioRad protein assay kit according to the manufacturer's protocol (BioRad, Mississauga, ON, Canada). Samples (20 lg/lane) were resolved by SDS polyacrylamide (w/v) gradient (4-12%) Bis-Tris gels (Invitrogen) at 135 V for 1.5 h using MES (2-[N-morpholino] ethanesulfonic acid) SDS running buffer and then transferred onto PVDF membranes. Membranes were blocked with 5% nonfat milk in TBS containing 0.1% Tween-20. Proteins were detected using antibodies specific for H2B1A (Abcam ab1790, 1:3000), H4 (Abcam ab10158, 1:100), H1.2 (Abcam ab17677, 1:500), and H2A1 (Abcam ab13923, 1:250), all diluted in 3% nonfat milk in TBS-0.1% Tween-20 followed by HRP-linked secondary antibodies and compared with the amount of GAPDHS (Abgent AP8610c, 1:100), a protein localized mainly to the principal piece of the flagellum and one of the most abundant and consistently expressed proteins across all of our samples, with a variability of less than 8% among the control and BEP-treated groups, to correct for loading (see Supplemental Figure S1 , for an additional loading control).
Statistical Analyses
Statistical analyses were done using SigmaPlot 11.0 (Systat Software Inc., Chicago, IL). Results expressed as means and standard errors of the mean were analyzed using Student t-test.
RESULTS
BEP-Induced DNA Strand Breaks Are Decreased During a 9-Wk Recovery Period
The presence of strand breaks in BEP-treated cauda spermatozoa was evaluated using the comet assay (Fig. 1) . The percentage of DNA present in the tail (Fig. 1A) , the tail length (Fig. 1B) , and the tail extent moment (Fig. 1C) were all significantly increased in spermatozoa of rats treated with BEP for 9 wk compared to their control counterparts. Interestingly, rats allowed a 9-wk recovery period following the 9 wk of BEP treatment showed a reversal of this effect in all three parameters compared to the control-treated animals of the same group (Fig. 1, A-C) .
EFFECTS OF BEP ON RAT SPERM CHROMATIN
The extent of DNA damage in spermatozoa exposed to BEP for 9 wk was further determined by assessing sperm chromatin integrity using the SCSA/AO assay (Fig. 2) . The percent DNA fragmentation index (percentage of damaged cells) was significantly increased immediately after 9 wk of BEP treatment compared to that of spermatozoa following a 9-wk recovery period ( Fig. 2A) . High DNA stainability (HDS) was determined to understand if the damage present is a result of a poorly compacted DNA structure within spermatozoa. The percentage of cells in which AO is bound to dsDNA and fluoresces green at an intensity greater than the main population of cells is an indication of increased accessibility of the DNA structure to the dye. HDS in the spermatozoa of rats treated with BEP and allowed a 9-wk recovery period was significantly increased compared to that of spermatozoa collected from rats immediately after 9 wk of treatment (Fig.  2B) . Thus, chromatin compaction/AO accessibility to DNA is dramatically affected in posttreatment spermatozoa.
Effects of BEP Treatment on Sperm Chromatin Compaction as Assessed by the CMA3 Assay
The CMA3 assay indirectly determines the amount of protamine bound to the minor groove of sperm DNA. The mean CMA3 fluorescence (Fig. 3) was not altered by 9 wk of BEP treatment; however, CMA3 fluorescence was increased significantly in spermatozoa from rats treated with BEP for 9 wk followed by a 9-wk recovery period, suggesting a decrease FIG. 1. Strand breaks, as evaluated by the comet assay, in cauda spermatozoa immediately following treatment with saline (control) or BEP for 9 wk or after a 9-wk recovery period. Data for % tail DNA (A), tail length (B), and tail extent moment (C) are represented as mean 6 SEM. *(P , 0.01) and **(P , 0.001) n ¼ 6.
FIG. 2.
Sperm chromatin structure assay (SCSA/AO assay) determined in mature cauda spermatozoa, illustrating % DNA fragmentation index (DFI) (A) and % high DNA stainability (HDS) (B), a marker of poorly condensed spermatozoa, at 9 wk and following a 9-wk recovery period in saline and BEP-treated animals. Bars represent means 6 SEM, n ¼ 6. The asterisk indicates P , 0.05.
FIG. 3. Protamine content, assessed indirectly by measuring CMA3
fluorescence in spermatozoa of animals treated with saline or BEP for 9 wk versus animals subjected to a recovery period of 9 wk. Bars represent means 6 SEM, n ¼ 6. The asterisk indicates P , 0.01.
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in protamine content. To further pursue the explanation for this change in CMA3 fluorescence between the two treated groups, protamine 1 (PRM1) protein expression was quantified directly (Fig. 4) . Prm1 mRNA expression levels were determined using qRT-PCR. No change in Prm1 transcripts was detected in either the 9-wk or the recovery group following saline or BEP treatment (Fig. 4A) . PRM1 immunofluorescence was found throughout the sperm nucleus in a very diffuse pattern (Fig.  4B) . The spermatozoa of animals treated for 9 wk with BEP showed no apparent changes in PRM1 staining intensity, although the spermatozoa appeared somewhat elongated; this was not significant upon further analysis (Supplemental Figure  S2) . After a 9-wk recovery period following BEP treatment for 9 wk, spermatozoa from drug-treated animals had a statistically significant reduction in PRM1 staining intensity when compared to the control animals (Fig. 4 B and C) . Thus, a decrease in PRM1 protein expression was observed in BEP treated animals after 9 wk of recovery.
Effects of BEP Treatment and Recovery on the Proteomic Profile of Sperm Heads
A complete proteomic analysis of the rat sperm head following BEP treatment for 9 wk with and without an additional 9-wk recovery period led to the identification of 167 proteins (Supplemental Table S2 ). Of the proteins identified, 37 proteins were significantly changed by at least 1.5-fold in cauda epididymal sperm of animals treated with BEP for 9 wk compared to the control-treated animals of the same group (Table 1) . Of these affected proteins, 27 were up-regulated, while the remaining 10 proteins were down-regulated. In cauda epididymal sperm of animals treated with BEP for 9 wk 
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followed by a 9-wk recovery period, the expression of 45 proteins was changed significantly by at least 1.5-fold when compared to the control animals of the same group (Table 2) . Of these, 34 were up-regulated and 11 were down-regulated.
Specific Up-Regulation of Histones Following Prolonged Cessation of BEP Treatment
Interestingly, of the five histones identified in the whole sperm head proteomic analysis, histones HIST1H1D (referred to as H1.2), HIST1H2BA (referred to as H2B1A), and HIST2H2AA3 (referred to as H2A1) were found to be three of the 34 up-regulated proteins in the recovery group (Table 2) . Additionally, histone HIST1H4B (referred to as H4) protein expression was found to be significantly decreased following 9wk of BEP treatment compared to the control counterparts ( Table 1) . Confirmation of the changes in histone protein expression was done by Western blot analysis (Fig. 5) . As expected from our proteomics analysis, histones H1.2, H2B1A, and H2A1 protein levels were not significantly different from control in spermatozoa of rats treated with BEP for 9 wk; however, an up-regulation of 2.3-fold, 1.8-fold, and 2.2-fold, respectively, was observed in spermatozoa of animals treated with BEP for 9 wk followed by a 9-wk recovery period compared to the control (Fig. 5, A-C) . Western blot analysis of histone H4 did not reveal the anticipated significant decrease in protein expression following 9 wk of BEP treatment (Table 1) ; Figure 5D demonstrates an equivalent protein expression in both the BEP and the control-treated animals after 9 wk of treatment. However, a significant up-regulation of 2.4-fold in the BEP-treated animals following the 9-wk recovery period versus the control-treated animals of the same group was observed; this was consistent with, but more marked than, the 38% increase seen in histone H4 expression that was determined by proteomic analysis (Supplemental Table S2 ).
DISCUSSION
DNA damage in the form of strand breaks and increased susceptibility to acid-induced denaturation was shown in this study to be increased significantly following 9 wk of BEP treatment, indicative of the presence of extensive unrepaired damage during spermatogenesis. Previous studies, using various doses of BEP, have also demonstrated the damaging effects of a 9-wk treatment on sperm DNA integrity [18] . Despite the importance of studying the effects of drugs during treatment, it may be even more critical to assess recovery. The lack of DNA strand breaks and acid-induced denaturation in the cauda spermatozoa from animals treated with the BEP cocktail for 9 wk, followed by a 9-wk recovery period in which no treatment was administered, indicated that the subsequent generations of spermatozoa following BEP treatment may have been capable of repairing damage incurred and that the spermatogonia initially exposed were not irreversibly affected. Interestingly, not all aspects of chromatin structure returned to normal status after the 9-wk recovery period. The observation that protamination, as evaluated by the CMA3 assay, and protamine protein expression levels, as determined using immunofluorescence, were significantly and specifically decreased only after a prolonged cessation of the BEP treatment lead us to propose that there was persistent damage in BEPtreated spermatozoa. A phenotypic change in sperm heads with DNA in a more open and decondensed confirmation was expected. Therefore, using Metamorph Imaging System analysis software, both the area and perimeter of protamine 1 staining, found within the entire sperm nucleus and thus a comparable indicator of the area and perimeter of the complete sperm head, were assessed. Although there was a clear trend toward an increase in both parameters in the treatment group, these differences were not statistically significance for either parameter (see Supplemental Figure S2A ). Since protamine is one of the main proteins found in the head of spermatozoa and is in close association with DNA, a change in its expression after recovery from BEP treatment led to the hypothesis that other sperm head proteins that are important for normal sperm function may also be affected. In addition to changes in sperm chromatin structure, exposure of rats to cyclophosphamide led to concomitant modifications in the sperm basic proteome and nuclear matrix proteins [23, 27] . Several studies have also reported alterations in rat sperm protein profiles after exposure to various chemicals [28, 29] . Furthermore, the transcriptome of round spermatids following BEP treatment is modified extensively, with a specific increase in genes involved in stress response pathways [15] .
The proteomic analysis we undertook of rat sperm heads was minimally contaminated with several abundant tail proteins, as seen in Supplemental Table S2 , possibly masking EFFECTS OF BEP ON RAT SPERM CHROMATIN the identification of lower-abundance sperm head proteins; however, our results showed a change in their protein profiles for animals treated for 9 wk with BEP. Surprisingly, a greater number of proteins was significantly changed in spermatozoa of rats in the recovery group when compared to spermatozoa of animals immediately following the 9 wk of treatment. This increase may be the result of activation of compensatory mechanisms necessary to repair damage sustained in the cells after treatment. Interestingly, two proteins, heat shock protein 90, beta, member 1 (HSP90B1), and heat shock protein 90, alpha (cytosolic), class A, member 1 (HSP90AA1), were found to be up-regulated after 9 wk of BEP treatment and remained elevated in the animals following 9 wk of recovery. Both of these proteins are chaperones with well-characterized roles in protein-folding and in the assembly of multimeric protein complexes; however, recent evidence demonstrating that both proteins are tyrosine phosphorylated during sperm capacitation and mediate sperm-zona pellucida interactions highlights an important role for these protein in fertilization events [30, 31] and may explain their up-regulation. One of the predominant changes observed in the proteomic analyses was an up-regulation of histones in the sperm head of animals treated with BEP for 9 wk followed by a 9-wk recovery period. The up-regulated histones are histone H1.2, a testis-specific variant known as histone H2B1A, histone H2A1, and histone H4. H4 up-regulation in spermatozoa of animals treated with BEP followed by a recovery period was confirmed using Western blots despite the lack of significance predicted from the proteomic analysis (Table 1) . The identification of a specific protein by MS occurs in the femtomole range, whereas in a Western blot, protein detection with specific antibodies and ECL reagents requires only a few hundred molecules [32] . MS is capable of identifying many proteins at once but is limited to a relative quantification method, whereas Western blots represent a more absolute quantification method.
The change in the histone to protamine ratio detected in spermatozoa after recovery from BEP treatment may be a result FIG. 5. Effects of BEP treatment at 9 wk and following a 9-wk recovery period on histone protein levels: HIST1H1D (H1.2) (A), HIST2H2AA3 (H2A1) (B), HIST1H2BA (H2B1A) (C), and HIST1H4B (H4) (D) in cauda spermatozoa. Bars represent means 6 SEM. *(P , 0.05), **(P , 0.01), and ***(P , 0.001), n ¼ 5-6.
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of histone transcripts being translated at a higher frequency, leading to the up-regulation of these proteins, or due to a failure to displace the histones during spermiogenesis and replace them with transition proteins and protamines. If the latter is the explanation for this observation, the retention of specific histones may occur in response to the drug treatment, such that the DNA is poised for specific gene expression patterns. Recent evidence has shown that the retained nucleosomes in human sperm are enriched at loci particularly important for embryo development [33] . Additionally, it was noted that precise histone modifications were localized to particular developmental loci. Whether histones that are present in sperm after the BEP recovery phase are modified posttranscriptionally and whether they have an effect on particular gene expression loci have yet to be elucidated.
The effects of BEP chemotherapy on fertility and progeny outcome were at least partially reversible since no significant differences in the rate of postimplantation loss or the number of pups per litter were observed in litters sired by animals 9 wk posttreatment [34] . However, preimplantation loss remained elevated in litters sired by BEP-treated animals after a 9-wk recovery period [34] . Persistent preimplantation loss may be a protective mechanism to prevent the development of unhealthy embryos and may be due to residual damage that remained in germ cells following exposure. Of the pups that survived, analysis of their sperm protamine and histone content would be essential to determine if epigenetic modification were heritably propagated to subsequent generations, along with potential changes to fertility and progeny outcome.
To the best of our knowledge, no other studies have reported a change in histone content following a drug treatment, nor have there been any studies that have done a proteomic analysis solely on the rat sperm head to quantify changes in protein expression after exposure to any xenobiotic. Proteomic analysis, describing the proteome of rat spermatozoa as a whole cell, including head and tail fractions, has been reported previously [35] , in addition to a two-dimensional fluorescence difference gel electrophoresis analysis of spermatogenesis, identifying proteins specifically or preferentially expressed at each stage of rat spermatogenesis [36] . Several other recent studies have used a proteomics approach to understand the mechanism by which sperm acquire fertilization capacity during epididymal maturation [37, 38] .
In conclusion, our findings demonstrate that following recovery from treatment with BEP, DNA strand breaks are reduced, but persistent damage remains in the chromatin structure of spermatozoa. Future studies are required to determine whether the alterations in protamine and histone content in these spermatozoa result in heritable epigenetic modifications in progeny sired from paternally exposed males.
